The shape of the profile described by the relative abundances of multiply charged ions of proteins in the electrospray mass spectrum can be described by means of one or more Gaussian functions. An aqueous solution equilibrium model of the distribution of multiply charged ions of equine cytochrome c and myoglobin has been shown to match qualitatively the shape of the distribution of these ions in an electrospray mass spectrum. Monotonic functions such as the quadrupole mass spectrometric transmission efficiency may alter the centroid of the profile, but the shape of the ion abundance pattern appears to be controlled by the aqueous solution chemistry of the proteins. (J Am Soc Mass Spectrom 1992, 3, 216-224) I n the late 19605, Dole and co-workers [1, 2] described the formation of gas-phase ions when a liquid was sprayed out of a capillary held at high voltage, into a zone of high electrical field, Since that time, the efforts of Fenn and co-workers [3] [4] [5] [6] in this research area have led to the development of electrospray mass spectrometry. Instrumentation for electrospray quadrupole mass spectrometry is now commercially available as a result of the work of Iribarne, Thompson, and their colleague [7] [8] [9] , Covey et al, [10] , and Fenn and co-workers [6, 11] . More recently, methods of introduction of electrospray ions have been developed for sector mass spectrometers [12] [13] [14] .
I
n the late 19605, Dole and co-workers [1, 2] described the formation of gas-phase ions when a liquid was sprayed out of a capillary held at high voltage, into a zone of high electrical field, Since that time, the efforts of Fenn and co-workers [3] [4] [5] [6] in this research area have led to the development of electrospray mass spectrometry. Instrumentation for electrospray quadrupole mass spectrometry is now commercially available as a result of the work of Iribarne, Thompson, and their colleague [7] [8] [9] , Covey et al, [10] , and Fenn and co-workers [6, 11] . More recently, methods of introduction of electrospray ions have been developed for sector mass spectrometers [12] [13] [14] .
Electrospray ionization holds considerable potential for measurement of the molecular masses of large biological molecules [6, 10, 11] . In addition, recent work by Kebarle and co-workers [15, 16] suggests that, in the future, significant new activities in the areas of organic and inorganic electro spray mass spectrometry will develop.
Most of the reports dealing with electro spray have suggested mechanisms of ion formation. It is generally believed that the ions exist, preformed in solution, and are subsequently "evaporated" into the gas phase. This suggests, therefore, that the mass spectrum should reflect the aqueous solution chemistry within the droplet as ion desorption proceeds. This has been further supported by recent reports showing that the electrospray spectrum reflects the conformation of proteins in solution [17] [18] [19] . The difficulty in achieving a quantitative comparison between the electrospray spectrum and the solution chemistry is that the specific chemical state of the droplet is unknown during the critical moment of ion formation [7, 8, 11, 20] .
In this report, we take the position that, although the exact aqueous solution state of the droplet (pH, temperature, solvent composition, etc.) is unknown, it is possible to compare the distribution of the ions of protein in aqueous solution qualitatively with the series of multiply charged ions observed in the electrospray mass spectrum. A protein exists in solution in a distribution of charge states. This distribution depends on solution properties, particularly pH. Furthermore, this distribution depends on the pKa's of the acidic and basic amino acids in the protein. The question we pose in this report is whether, despite the changes in the aqueous solution during formation of droplets, the ion abundance distribution in the electrospray spectrum resembles the distribution of preformed multiply charged protein ions in the bulk aqueous solution. A more extensive comparison should be possible in the future, assuming that a detailed model of the solution chemistry of the droplets can be proposed.
We will also consider whether known (or unknown) factors may act in such a way to signiftcantly modify the ion abundance distribution. A function that could modify, but not necessarily disguise, the original ion abundance pattern is the mass-dependent transmission efftciency of the quadrupole mass spectrometer. Factors that may modify the distribution include gas-phase reactions [15, 16] or desolvation processes which would lead to a change of mass, charge, or both. The efftciency of electrospray ion formation may be dependent on factors such as the charge to mass [11] (or perhaps charge to volume) ratio of the particular ion . Such functions, irrespective of their chemical/physical origin, would mathematically consist of ion "formation efficiency envelopes," and would be superimposed upon the other functions described above.
Experimental
Electrospray experiments were performed by using a TAGA 6000E(SCIEXInc., Thornhill, Ontario, Canada) triple quadrupole mass spectrometer. The system has an upper mass range of m / z 1400. With the scans appropriate for the present work, the instrument performs measurements at integral mass steps. To ensure reliable measurement of relative ion abundance data in complex spectra, the mass resolution was decreased from unit mass resolution to the extent that two or more measurements were taken near the apex of every peale Samples were continuously infused at a rate of 20 ItL/min through a 10Q-ltm i.d , stainless steel capillary held at 3.5 kV. Stable operation of electrospray was achieved with the needle -1.5 em from the instrument orifice, and with a measured stable current of between 20 and 50 nA flowing between the needle and the system ground. At pH above 5, and ionic strength below 0.0001, electrospray signals were enhanced with the electrospray needle located at greater distances from the mass spectrometer oriftce.
Data acquisitions considered in this work were run in replicate , and the experiments were then repeated over a duration of 2 months. During this time, the relative abundances of ions within the spectra were observed to be relatively independent of mass spectrometer operating conditions. The spectra collected agree very well with published spectra.
Cytochrome c (horse heart, C-2506 type III) and myoglobin (horse skeletal muscle, M-0630) were obtained from Sigma Chemical Co. (St Louis, MO) . Cytochrome c samples (20 Ilg/mL) were prepared to cover various pH ranges: from pH 2.5 to pH 3.6 with HCl, from pH 2.8 to pH 3.5 with formic acid, and from pH 3.5 to pH 3.9 with acetic acid. Each of these cytochrome c solutions was in tum diluted to yield a series of frve samples from 30% to 55% methanol by weight.
Similarly, three series of myoglobin solutions (20 Ilg/mL) were prepared: from pH 2.9 to pH 3.7 with HO, from pH 2.7 to pH 3.3 with formic acid, and from pH 3.2 to pH 3.6 with acetic acid. In turn, each solution was diluted to yield a set of four samples ranging from 30% to 50% methanol by weight.
The pH measurements were taken with a standard glass electrode standardized with aqueous solutions. The pH measurement error introduced by changes in the liquid junction potential and hydrogen ion activity coefficient when such measurements are taken in a solution of 50% methanol by weight is -0.13 pH ELECfROSPRAY MASS SPECTRA OF PROfEINS 217 units [21] . The measurements reported here have not been corrected for this effect.
Results and Discussion
The electrospray mass spectra of proteins are characterized by a series of multiply charged ions . Assuming that the compound (i.e., electrically neutral) mass is M, the mass to charge ratio of these ions is described by (M + c)/z, where the charge on the ion is z = 1,2,3, ... , etc., and c is the total mass of the cations (e.g., protons) that impart the total charge z to the ion via cation addition [6] . The mass to charge ratio separation between these ions is not constant and gives the ions an appearance of being more closely spaced at higher charge (i.e. , at lower mass to charge ratio) . This has the effect of giving the ion relative abundance pattern a slightly skewed appearance. A similar abundance plot using z as the x-axis yields a relat ive abundance profile with a symmetrical distribution.
Proteins exist in an acidic solution as a series of multiply charged protonated ions . In this report we consider whether there is a correlation between the distribution of preformed ions in bulk aqueous solution (for lack of information about the droplet chemistry) and the distribution of multiply charged ions observed in electrospray mass spectra. The following discus sion will first deal with the mathematical aspects of the shape of the ion abundance pattern (fitted to a Gaussian dismbution), .and then attempt to com-, pare that pattern with the aqueous acid-base chemistry of proteins.
Mathematical Analysisof the Electrospray Ion Abundance Pattern (Gaussian Model)
The electrospray ion abundance pattern I(z), for example, that of cytochrome as shown in Figure la, can be described by the normalized Gaussian distribution function:
where z is the ionic charge, Jl is the mean charge, and (1 is the width of the function. The mean charge Il on a protein, is a function of pH. Equation 1 may be used to describe the electrospray ion abundance profile throughout the experimental conditions used in this work. The Gaussian profile with It of 17.3 matches (least squares fit) a cytochrome c spectrum acquired from an HO solution of pH 3.0, whereas It of 15.6 frts a spectrum acquired from an acetic acid solution at pH 3.9. At low pH the width (1, of the abundance profile, is a constant. Table  1 includes the mean and width parameters, which give good fits of the Gaussian function to the electrospray of cytochrome c. These calculations are based on the electrospray spectra shown in Figure 2 ever, the calculated Gaussian profiles are not shown in this figure) . The ion abundances pattern of myoglobin ( Figure  Ib and Figure 3 ) is somewhat more complex than th at of cytochrome c. It is apparent that the profile is composed of at least two superimposed Gaussian functions. Previous work with myoglobin has also revealed a shoulder on the high mass to charge ratio side of the proftle [22] . Several ion abundance patterns for myoglobin are illustrated in Figure 3 . These proftles were fitted (least squares) to a Gaussian function using parameters summarized in Table 1 (the curves are not shown in Figure 3 ). Under some experimental conditions the ion abundance proftles can be best described as the sum of two Gaussian functions, each having their ow n mean charge values p.., and P. b' and their own values of (1 . The series of proftles can be described by variation of the values of Jl and the relative weights which the two functions contribute to the profile.
The Gaussian function in this case has a purely descriptive mathematical role: (1) it requires two parameters to describe each experimental spectrum, and (2) it provides no insight into the physical or chemical origin of the electrospray spectrum.
Aqueous Solution Chemistry of Proteins at Low pH
Cytochrom e c has 24 basic amino acids (lysine, arginin e, histidine, and amino terminus acetylated), and 15 acidic (carboxylic acid) sites [23] , including the carboxyl term inus and the two propion ic acids on the heme group (but not including amino acids containing -CONH 2 side chains). It is believed that the iron within the heme group is coord inated to a histidine and methionine residu e [24] . Since the heme group is covalently linked to the protein through cysteine residues, the heme remains linked to cytochrome c even at low pH and in the presence of methanol. We will assume that the heme-bou nd histidine can be protonated within the pH range considered here ; thus the total number of available bases in cytochrome c will be taken to be 24. It has been suggested that the total charge may be +25 (25) if the oxidation state of the heme iron is taken to be +3.
In aqueous solution, at the isoelectric point of this prote in (pH 10.65), the species has no net electric charge. In other words, all of the acidic groups (15) are negatively charged and an equal number (15) of the basic groups are positively charg ed.
As the pH is lowered from the isoelectric point, the protein will pass through two distinct regimes . From • JIo and a are t he mean cha rge and width of the G aussian f uncti on, respe ct ively .
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Aqueous Solution Equilibrium Model for the Ion Abundance Pattern of Cytochrome c
The electrostatic repulsion between a charged protein and an approaching proton reduces the pKas of any remaining acidic groups. The magnitude of this decrease has been estimated [28] [29] [30] . The activity coefficient for a charged species is given by:
Note also that, at a pH equal to the pKa (2.18), the two charged species of lysine will coexist in solution at a 1:1 ratio. The distribution of coexisting, multiply charged ions of protein in aqueous solution is an extrapolation of this very simple case.
charged (contributing +24 charges). The protein will have a net charge of +9. This is not the maximum charge that cytochrome c can acquire.
The second regime occurs below pH 5. In this pH region the addition of protons to the carboxylic acids controls the net charge on the species in aqueous solution. For example, all of the basic groups of cytochrome care protoriated (+ 24 charges) and any further increase in the net positive charge of the aqueous species requires protonation of some of the 15 acidic groups (i.e., neutralization of the negative COO-groups). At pH below 1.5 (if the protein does not undergo primary structure degradation) the last of the carboxylic acids may be protonated, and the compound could in theory reach the ultimate + 24 (or +25) net charges.
In considering the aqueous solution chemistry of these compounds below pH 5, we may, therefore, disregard the basic amino acids, and concern ourselves only with the protonation of the carboxylic acid groups. The addition of the first proton to a carboxylic acid group in cytochrome c will be less favorable than the addition of a proton to acetic acid (pKa 4.75) because the protein already possesses a net charge of +9. The pKas of the side chain carboxylic acid groups of aspartic and glutamic acids are 3.86 and 4.25, respectively. The pKas of the carboxylic group of lysine, histidine, and arginine (pKa 2.18, 1.82, and 2.17, respectively) may be guides to the approximate acidity of the most acidic protons on small acids which have a net charge of +1. the isoelectric point to pH 5, all of the net positive charges which the compound acquires will be attachment of protons to basic amino groups. However, in the region of pH 4 to pH 5 the last of the basic amino acids (including histidine) will be protonated [26, 27] . At this point all of the acidic groups will be anionic (contributing -15 charges to the protein), and all of the basic groups will be protonated and positively Figure 2 . Ion abundance profiles of multiply charged cytochrome c: Experimental conditions corresponding to each data set and the parameters (acid-base solution equilibria) used to calculate theoretical profiles are shown in Table 1; Mass/Charge Mass/Charge Figure 3 . Ion abundances profiles of multiply charged myoglobin; Experimental conditions corresponding to each data set and the parameters (acid-base solution equilibria) used to calculate theoretical profiles are shown in Table 1 ; plots a, b, C, and d correspond to data set D, E, F, and G, respectively. (£) Experimental results; (+) profiles calculated using the acid-base equilibrium model and pK in t of 3.8; (1\) additional theoretical profiles using pK in t and weighting as shown in Table 1 ; (0) sum of profiles.
Mass/Charge
where ' Y is the activity coefficient, z is the charge on the species, and w is a term related to the dimensions of the ions, the dielectric constant of the medium, and to the ionic strength of the solution. The pKa of multiply charged species may be adjusted using these activity coefficients to yield:
In a more extensive treatment of the acid-base chemistry of the protein as a polycarboxylic species, the acid dissociation of the xth carboxylic site may be From eq 3, it is apparent that the size of the correction term is a function of the charge on the species. After rearrangement of eq 3, it is possible to show that the (electrostatic only) change in pKa with each increase of one positive charge is: (4) and m is the number of carboxyl groups, n is the number of basic sites, a is the distance of closest approach of the ions, b is the charge interaction term of Bjerrum [28] , r is the distance separating the proton from the charge of the protein in the theory of Bjerrum, and K is the function of ionic strength in the Debyc-Hiickle theory. The intrinsic acid dissociation constants (pK o) of aspartic acid and glutamic acids are -4,0 and 4,5, respectively [31) .
From pH titration data [25, [32] [33] [34] , the acid dissociation constants of cytochrome c can be estimated by using the methods described above. More complex models have recently been described [35, 36) .
The titration data reported for cytochrome c [25, 33, 34) show that the rate of change of the charge (z) on the protein is -6.5 per pH unit from below pH 3 to over pH 4 (linear within this pH range). The data also show that the net charge on the protein is -+11 at pH 4 and +17 at pH 3. Given that cytochrome c contains 13 carboxylic sites (Asp and Glu), and that the intrinsic pKas of the two heme propionic sites are 4.8 and 5,4, respectively [33] , it is evident (based on titration data between pH 3 and pH 4) that the fIrst carboxylic group to be protonated has a pKa of 4.0 (pK in t ) and that each subsequent group has a pKa of -0.15 unit lower (this decrease is a linear series within the pH range considered here). The pKas of the 13 (Glu and Asp) sites are therefore 4.0, 3.85, 3.7, etc., with the most acidic site having a pKa of -2.
The treatment of Linderstrem-Lang, eq 5 above, and the titration data below pH 3, suggest that the pKas of the most acidic sites are considerably (at least 0.5 units) lower than the estimate described above. However, because of the limited pH range used during acquisition of the electrospray spectra described in this report, and because of the inherent limitations in the accuracy of pH titrations below pH 3, a more accurate treatment at very low pH is not warranted in this report.
The distribution of the multiply charged: ions of cytochrome c can be calculated using the pKas of the carboxylic acid groups and the bulk solution pH. Figure 2 illustrates a comparison of the shape of the experimental electrospray ion abundance pattern, and the distribution of multiply charged protein ions calculated on the basis of the pKas of the carboxylic groups determined from titration data as described above. The pH of the solutions used for acquisition of the electrospray spectra and the pH values used to calculate the distributions appear in Table 1 . The discrepancy between the experimental (electrospray) pH and the pH used to calculate the distribution could be a result of the shift of the distribution by other processes at work during the electrospray experiment, including evaporation of the solvent and/or volatile acids. The effect of one function, namely the ion transmission efficiency through the quadrupole mass spectrometer is considered below. Such functions may shift the distribution to appear as if it originated from a solution at a pH different from that experimentally determined for the bulk aqueous solution. However, it is important to note that although the position of the centroid cannot be quantitatively calculated at this time, the shape and width of the distribution will not be signifIcantly modified by such functions.
Aqueous Solution Equilibrium Model for the Ion Abundance Pattern of Myoglobin
Myoglobin (equine skeletal muscle) has 23 acidic groups including the carboxyl terminus and the heme group (excluding amino acids containing -CONH z ELECIROSPRAY MASS SPECTRA OF PROTEINS 221 side chains), and 33 basic amino acids including the amino terminus. At neutral pH, it is believed that two histidine residues are involved in heme binding [24) . However, the electrospray spectra reported here have been acquired under conditions (low pH, aqueous methanol mixtures) wherein the labile heme has separated (note the presence of m l z 616 in Figure Ib ) from the protein, and the maximum charge which the protein can acquire will therefore be +33.
The ion abundance pattern of myoglobin is more complex than that of cytochrome c in that under some experimental conditions it appears to be a sum of two distribution functions. (Cytochrome c will also exhibit this dual function distribution in solutions containing little methanol and/or acid, but not under the experimental conditions employed in this report.) Bimodal ion abundance distributions have been attributed to changes in the conformation of the protein in solution [17] [18] [19] .
The equilibrium model for the ion abundance pattern of myoglobin is constructed in exactly the same manner as that for cytochrome c. The pH titration data for sperm whale myoglobin [34, 37, 38] shows that the linear rate of change of net charge (z) on the protein is -9.5 per pH unit within the range from pH 3 to pH 4. This indicates that the pKas of the carboxylic groups are separated by -0.105 units (linear in the appropriate pH range). The net charge on the horse muscle myoglobin is expected to be -+11 at pH 4 and +20 at pH 3. This match to the titration data is possible if the pKa of the first carboxylic group to be protonated is taken to be 3.8. The subsequent pKas are therefore -3.7, 3.6, 3.5, etc. Note that the pK in t is lower than that reported by Nozaki and Tanford [31] , and lower than that observed for cytochrome c as described in the previous section. This difference, however, is not significant, The intrinsic pKas reported by Marini and Martin [39] were 3.8 for glutamic acid and 3.0 for aspartic acid, in a model of the titration of cytochrome c in which the electrostatic repulsion factor w (eq 2) was determined to be zero. Figure 3 illustrates the comparison of the distribution of multiply charged ions in the electrospray spectra of myoglobin, and the distribution of preformed protein ions in the bulk solution. Table 1 summarizes the experimental and calculation parameters used for this figure. Under some conditions the experimental ion abundance profiles for the electrospray mass spectrum of myoglobin cannot be matched with a single set of pKas calculated in the manner described above. These electrospray results suggest that the data are a superimposition of two distribution functions. Figure  3 , band c, illustrates this situation. For illustrative purposes, the two theoretical profiles are calculated based upon differing pK int values, one set based on an intrinsic pKa of 3.8, and the second based on an intrinsic pKa of -3.3. In all other regards (aqueous solution pH and change of pKa per carboxylic site) the models are identical. It should be pointed out that the ratio (as shown in Figure 4) , and once again match the experimental data in the manner shown in Figure 2a .
Since all of the ions shown in Figure 4 have massto-charge ratios higher than 500, the mass spectrometer ion transmission efficiency function is monotonic decreasing at an approximately exponential rate. Under these conditions the centroid of the ion abundance profile is altered, but the fundamental shape of the ion distribution remains unchanged. From a mathematical point of view, the transmission roll-off modifies the ion abundance profile, but in such a way that the new profile may be described by a change in parameters in either the equilibrium model or the Gaussian distribution model. The existence of mass spectrometer transmission roll-off, therefore, does not contradict or conflict with the hypothesis that the basic shape of the ion abundance pattern is controlled by the aqueous solution chemistry of the proteins.
Mathematical Consequences of the Efficiency of Ion Formation in Electrospray
The efficiency of the formation (e.g., ion evaporation from solution) of a particular ion, in electro spray, may be dependent on such factors as the magnitude of the charge to mass [11] (or perhaps charge to volume) ratio of the ion. This would introduce a bias favoring formation of a series of ions which had the appropriate characteristics, and inhibit formation of ions which fall outside of this "most favored" set of parameters. Such a function would mathematically be described as an ion "formation efficiency envelope," which would be superimposed upon the other functions described above (acid-base chemistry, spectrometer transmission roll-off, etc.). What impact would this "envelope" have on the observed electrospray spectrum? The shape of the ion abundance pattern in the electrospray spectrum would only be controlled by such an envelope if the width of the envelope (distribution of 
Mass Spectrometer Ion Transmission Function
The ion transmission efficiency of a quadrupole mass spectrometer is a function of mass. The transmission roll-off of a SCIEX rAGA instrument of this type has been estimated [40] to be over an order of magnitude per 200 m / z units.
Because of the strong bias of the mass spectrometer transmission function, it is reasonable to expect that distortion of the relative abundances of multiply charged ions in an electrospray spectrum could occur, especially since these distributions often span several hundred mass to charge units. Bias of this type will make it difficult to quantitatively match the centroid of ion abundance profile observed in the spectrum, to the centroid of the abundances of preformed multiply charged ions in aqueous solution. The effect of the mass spectrometer transmission efficiency function is to shift the apparent centroid of the ion distributions toward lower mass. Figure 4 illustrates the ion abundance profile for the set of experimental data for cytochrome c (pH 3.0, HCl) shown in Figure 2a . The pH used to calculate the theoretical ion abundances in Figure 2a was 3.10, but in Figure 4 the ion abundances were calculated using pH 3.45. This results in a profile that has been shifted to higher mass-to-charge ratio values. However, if a mass spectrometer roll-off function of a factor of 60 per 200 m / z units (measured [40] ) is used to modify this calculated ion abundance profile, the resulting profile will shift to a lower mass to charge second pK int values were not calculated from the pH titration data. However, titration data [37] strongly suggest that myoglobin exists in more than one conformation in solution, particularly from pH 4 to pH 5 wherein denaturation of the protein is apparent.
We note here that, from a mathematical point of view, two possible explanations of the overlapped distributions noted above for myoglobin should be considered. These are experimentally indistinguishable at this point. First, the solution may be composed of two forms of myoglobin, but in different three-dimensional configurations with one being more compact than the other. The result would be a set of unique pKa values for each configuration since the electrostatic environment of the states is substantially different. The mass spectra would simply reveal the sum of the two distributions. Second, myoglobin may possess two sets of carboxylic acid moieties with clearly different properties. From a strictly mathematical point of view, the observed data can be explained by two series of pKas which differ only in the spacing between the pKas of consecutive dissociations. If the aqueous solution pH is similar to the pKa where the transition between the two series occurs, then nonsymmetrical profiles such as seen in Figure 3 , band c, will be observed.
ions favored by the envelope) is approximately equal to, or narrower than, the distribution of multiply charged ions controlled by acid-base chemistry. H the ion formation efficiency envelope is wide, then the measured ion distribution in the electrospray spectrum will be controlled by the narrowest function, namely the acid-base controlled ion distribution pattern. H the experimental conditions are modifIed to an extent that there is a mismatch between the ions existing in solution, and the ions favored by the envelope, the abundance of electrospray ions (and the total ion current) will decrease. The shape (and width) of the spectrum will be controlled by the narrowest active distribution function. The distribution of ions experimentally observed in the electrospray spectra appear to be similar in width to the distribution calculated by bulk solution acid-base chemistry.
Aqueous Solution Chemistry of the Droplet during Electrospray and Evaporation
The electrospray spectra of proteins are usually more easily acquired in mixtures of methanol and water than in aqueous solution alone. The acid-base chemistry of proteins in water-methanol mixtures will deviate from that in pure water. It is also anticipated that the conformational changes of proteins in these mixtures will deviate considerably from that of water. The acid-base chemistry of some acids in water-methanol mixtures have been considered [41, 42] . A detailed evaluation of the protein ion distribution in the presence of methanol must be considered in the future, but at this time is beyond the scope of this work.
During the electrospray process. the aqueous solution undergoes many changes in the zone near the probe tip. These changes can alter the concentration of components in the solution. First, the high electrical field at the capillary tip will induce ion migration during the time which the solution is in electrical contact with the probe or with the conductive solution inside it. The hydrated proton, with very high mobility in solution [43) , may migrate to an extent that signifIcantly changes the composition of the droplet. As well, protons will be formed via the electrolysis of water, and will act to carry some of the electrical current from the probe into the bulk aqueous solution within the probe (as long as a high enough potential difference exists between a portion of liquid inside the capillary and the capillary wall itself). These effects will be most signifIcant near the tip of the capillary, wherein the solution is influenced by the high electric field, yet also remains in electrical contact with the capillary and/or the solution within the capillary. This flow of protons translated into a decrease in the apparent pH of the droplets.
Second, the aqueous solution chemistry will change during droplet evaporation. A volatile organic solvent, if present, will evaporate preferentially, with cooling of the droplet. The solvent will evaporate ELECfROSPRAY MASS SPECfRA OF PROTEINS 223 from the droplet, increasing the concentration of electrolytes. Furthermore, volatile acids such as acetic and formic acid will evaporate. The final droplet pH will depend on the quantity and nature of the acid used to adjust the pH of the bulk solution.
Third, the droplet will not be homogeneous. Since the droplet will possess an electric charge, the electrolytes in the droplet will migrate in such a way to distribute the excess charge in the most electrostatically favorable manner, probably at the droplet surface. In the case of positively charged droplets, this will probably mean that hydrated protons, and surface-active cations, will preferentially migrate to the droplet surface. Ion desorption and/or Rayleigh division may then be a mechanism or mechanisms whereby the droplet can alleviate the charge built up [11, 44] .
The processes described above will alter the aqueous solution chemistry of the droplet, and particularly the droplet surface, in such a way that it may be significantly different from that of the original bulk solution. Monotonic biases such as the mass spectrometer transmission function, and others that remain to be identifIed, skew the mass spectrum but do not change the global picture. The purpose of the present discussion is to consider the physical and/or chemical processes that control the shape of the ion abundance profile in electrospray mass spectrometry, rather than to predict quantitatively the ion abundances from measured physical parameters. These processes appear to originate from the aqueous solution chemistry of proteins.
Conclusions
The ion abundance profiles observed in the electrospray mass spectrum of proteins can be described by one or more superimposed Gaussian distribution functions. Such functions describe many common physical phenomena. We suggest that the ion abundance profiles may reflect the abundances of preformed, multiply charged species in aqueous solution. Because other functions, including the transmission decay of a quadrupole mass analyzer, can also be described as exponential functions, superimposition of these functions serves to modify the mean and width of the ion abundance pattern, but does not change. its basic mathematical description. For example, if the ion abundance pattern is controlled by the aqueous solution chemistry, the quadrupole roll-off function will modify the apparent position of the function on the mass-to-charge ratio scale, but not the shape of the function itself.
The aqueous solution chemistry model for the ion abundance pattern is attractive because it provides a simple physical model for the observed data. The model must pass several tests for consistency. It must first agree with known solution chemistry of the proteins. The ion abundance profiles of more than one protein, over a range of experimental conditions must be described with a consistent set of parameters. Known functions that must be superimposed on the aqueous solution chemistry model, including the quadrupole ion transmission function, should not result in predictions inconsistent with the observed mass spectra. These conditions have all been met by the aqueous solution model.
Many processes contribute to the ion abundance profiles in electrospray mass spectrometry of proteins. We list only a few possibilities: aqueous solution chemistry, kinetics of ion desorption, efficiencies of gas phase ion formation, ion transmission into the vacuum, desolvation and declustering, and transmission efficiencies of electrostatic optics and quadrupole mass filters. We suggest in the present discussion that the fundamental origin of the ion abundance profile observed in electrospray is controlled by the concentration of preformed ions in aqueous solution. 1£ the other functions modify this original pattern, either by exponential monotonic increasing or decreasing functions, or with wide "ion formation efficiency envelopes," then the final ion abundance pattern observed in the mass spectrum will retain the original abundance pattern imposed by aqueous solution chemistry. The distribution of preformed ions in aqueous solution appears to be the most important factor determining ion abundance pattern in the electrospray mass spectrometry of proteins.
